Neutron form factors from elastic electron-deuteron scattering. by Mader, Thomas Walter.
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Utilizing a gas target in electron-deuteron and elec-
tron-proton scattering, measurements of the ratio of the
deuteron to proton form factor, G ,/G , were made within a
ed ep
precision of 0.8 to 1.3 percent for the range of momentum
transfers, q 2 , from 0.05 to 0.60 inverse Fermis squared and
for scattering angles between 60 and 120 degrees. From G ,/Gto & to ed ep
the neutron to proton form factor ratio, G /G , was extractedK a en ep 3
utilizing the deuteron structure factor, as calculated from
the Feshbach-Loman wave functions, and relativistic correc-
tions. The values of G /G found failed to support previous
en ep ^ ^
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I-. INTRODUCTION
The term, "neutron-electron (n-e) interaction," is used
to describe part of the electromagnetic interaction betv/een
the neutron and the electron. The neutron has zero total
charge and therefore there is no Coulomb interaction between
a neutron and an electron. However, both particles have mag-
netic moments resulting in a spin-dependent magnetic dipole-
dipole interaction. Furthermore, there is a velocity dependent
interaction between the magnetic moment of the neutron and
the magnetic field associated with the electron convection
current. These interactions have been well documented and are
not of interest hero [6] . If there is a non-zero charge dis-
tribution with the neutron, (i.e., a charge separation) then
any charged particle probing the neutron will experience spin
and velocity independent electrostatic forces. These are the
forces of interest in the n-e interaction.
Since a free neutron has an anomalous magnetic moment,
some charge separation in the neutron can be expected. This
contribution to the interaction is called the magnetic or
Foldy term [5] • The remaining interaction (due to charge
separation) is a result of the fact that a neutron can dis-
sociate into a negative pion and a porton.
n-*—*-p + it"
If the neutron spends part of the time as a proton and nega-
tive pion, say 20$, then the electron penetrating the neutron

would "see" an electric field equal to that produced by a
charge of 0.2e, e being the proton charge. The force of
this positive charge would be attractive and of short range
due to screening effects of the negative pion.
The most accurate measurements of the n-e interaction
have been by Krohn and Ringo [7] (1966) utilizing a technique
of Fermi and Marshall [3] (19^7). The Krohn and Ringo de-
terminations yield the slope of the neutron charge form fac-
tor at low momentum transfers as
dG /d(q 2 ) = 0.0193 + or - 0.0004.
en M
From experiments done at the High Energy Physics Labo-
ratory, Stanford University and a^ the Naval Postgraduate
School LINAC , J. Stewart was able to show that the Feshbach-
Loman wave functions together with relativistic corrections
remove previous discrepancies between the neutron electron
slope at q 2 = and the slope given by values of G ob-
tained in electron scattering in the range of momentum trans-
fers from 0.10 to 0.80 inverse Fermis squared [8]. Stewart's
measurements utilized a solid deuterized polyethylene (CD„)
target for the electron-deuteron interaction and a solid
polyethylene (CH ) target for the electron-proton inter-
action. These experiments yielded a n-e interaction slope
of
dG /d(q 2 ) = 0.0179 + or - 0.0036
en ^

The experiments utilizing polyethylene targets have the
disadvantage of requiring a subtraction of the carbon scat-
tering from proton or deuteron scattering. If a pure gas
target is used, proton or deuteron data can be obtained
directly. In these measurements a cylindrical target cell
contained deuterium or hydrogen gas at pressures of approxi-
mately 150 PSI and temperatures in the liquid nitrogen range
The target cell "windows" were made of thin (0.001 Inch)
stainless steel which does cause a beam energy loss, but
does not give an observed elastic peak like the carbon in
the polyethylene targets. The high pressure and low temper-
ature conditions of the gas increase the target density
pressure. An accurate ratio of the hydrogen to deuterium
gas densities can be obtained from pressure readings, if the
temperature is held constant.

II. DETERMINATION OF THE NEUTRON CHARGE FORM FACTOR
The theoretical cross section (Mott cross section) for
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is the recoil factor. The ratio of the experimental cross
section to the prediction for a point nucleon will yield the
square of the total form factor G 2 . For a proton
(G 2





+ 2Ttan 2 6/2 G
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where G and G are the charge and magnetic form factors
ep mp & &
respectively. Equation (2-3) may be written
[1 + 2(1+T)tan 2 8/2]
G< tG'
G 2 = eP + mp
P 1 + T 1 + T
(2-4)
where t = - q /M and q = q - q . Therefore, within the
range of momentum transfers considered, x 2 terms may be
neglected. Furthermore, utilizing the scaling law, G
mp
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An expression for G , the proton charge form factor, is then
obtained.

G 2 (1 + t)
°ep ? 1+ C ) (2 " 6 >
where
C = T\iHl + 2tan 2 6/2). (2-7)
kH = (1 + t)/(1 + C ) can be considered the magnetic cor-
rection term applied to the total form factor, G 2 , to obtain
the charge form factor G 2 .
ep
For the deuteron
G 2 = G 2 + |n 2 G 2 + fnG 2 [1 + 2(l-n)tan 2 6/2] (2-8)d e 9 Q 3 m
where G is the charge form factor, G is the quadrupole form
factor, and G is the magnetic form factor. n - - q 2 /M 2 , and
' m & M d'
therefore, the 1 - r) term approaches 1 within the range of
momentum transfers considered. Expressions for the form fac-
tors (including static limits) are
->
G = (G +G)D 2 n 1 (2-9)e ep en c q z =0
and
->
Gn = (G + G ) Dn 2 n M
2 Q (2-10)Q ep en Q q -0 d
and (2-11)
G =(G +G )De +(G +G )Dm 2 _^y,
m ep en m mp mn m q =0 M d
where D is the charge structure factor, DQ is the quadrupole
moment structure factor, D accounts for the contribution of
' m
the intrinsic magnetic moments of the proton and neutron to
Qthe scattering process, and D is the magnetic contr' on
' m
to the scattering process arising from the convection of

charge in the deuteron [8]. Equation (2-11) may be simpli-















G = (G + G )yt D . (2-12)
m ep en d c









2(1+2tan2 6/2) ] +|n 2 D^ }
.
(2-13)
Due to the size of n. in the range of momentum transfers con-
sidered, the quadrupole term can be neglected giving rise
only to minor corrections. In a manner analogous to the
proton case, the deuteron charge form factor is given by
G^





2(1 + 2tan ' 6/2)> (2-15)
K^j = 1/(1 + C,) can be considered the magnetic correction term
applied to the total form factor, G 2 , to obtain the charge
form factor, G 2 ,
.
' ed
Define F', the deuteron structure factor,
d'
P^ = D 2 [l+|ny^ 2 (l+2tan 2 9/2)]+|n 2 D 2 . (2-16)

Therefore, Equation (2-13) simplifies to
G 2 = (G +• G ) 2 F 2 (2-17)
ed ep en d ' '
where F 2 = (1 + C,)F' 2 . Hence, the neutron charge form fac-
tor, G , is given in the following terms
9 en to
G = i- G , - G . (2-18)
en F, ed ep
There is still the task of finding F , . Notice from
Equation (2-16) that D
.,
the charge structure factor, and
Dn , the quadrupole moment structure factor, are needed.
These are given by
n (a) = S ru 2 (r) + w 2 o)i i „ lAUi dr r?-iQ)
p. ,-»•* 6/"~2 m2 f r / n t \ w 2 (r) , . flqlr'V Q) = "?" Md J tu(r)w(r) - —-^ ]j 2[^ dr(2-20;
o rTE
where j and j 2 are spherical Bessel functions. u(r) and
w(r) are appropriate deuteron wave functions. Feshbach and
Loman have done fits for the nucleon-nucleon data below 350
MEV using a boundary condition model interaction determined
largely by field-theoretic forms. One and two pions, p, oj,
and n meson exchange adiabatic potentials determine the in-
teraction. Feshbach and Loman applied their potential in
the calculation of the deuteron wave functions [^]
.
J. Stewart has shown experimentally that a correction,
AG , due to relativistic modifications of the deuteron wave
en'
functions and the nucleon current must be added to Equation

(2-18) [8]. Within the range of momentum transfers studied
here this correction is proportional to q 2 .
2
AG





A. THE RATIO EXPERIMENT
An experimental cross section may be written in the
form
°exp =^ K SKB om ° ster_1 (3-D
where N is the number of scattered electrons per micro-
sc ^
coulomb of incident electrons, n, is the number of target
atoms per cm 2 , Aft is the solid angle subtended by the spec-
trometer, and finally, K~ and KR are the radiative correc-
tions. The analysis of experimental scattering data is
somewhat simDlifJ e<i bv a ratio experiment - i n which several
experimental parameters cancel. In general, the scattering
data of the interaction under study Is normalized to the
data of a second interaction for which absolute results are
well documented. In these measurements, the e-d scattering
data was normalized to e-p scattering data taken in experi-
ments under similar conditions. A ratio of experimental
cross sections for deuterium and hydrogen is obtained.
a

















exp sc t SB
The ratio of the experimental cross section to that predicted
for a point nucleon (Mott cross section) yields the experi-
mental form factor, G 2 . If appropriate magnetic corrections
are applied to the G 2
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When variations in the incident energy and momentum transfer
between the deuteron and proton analysis are taken into ac-
count Equation (3-3) becomes
G 2 , N
d
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Now consider this experimental ratio term by term.
First, the ratio of the number of scattered electrons is
given by




# _p_ n_ s)
N^ p d
sc ^
where A and A, are the areas under the proton and deuteron
p d ^
scattering peaks respectively. If the scattering peaks are
plotted as counts per microcoulomb versus energy, then the
areas have units of counts-MEV per microcoulomb. A simple
ratio of these areas is not sufficient, however, since the
spectrometer resolution varies with energy. Hence, a cor-
rection for the differing resolution at the proton and
deuteron scattering peaks is required. The correction is
inversely proportional to energy and therefore, a simple
ratio of the proton to deuteron scattering peak energies is
a sufficient correction. E and E, are the proton and
p d
deuteron peak energies respectively.

The ratio of the number of target atoms n*_/n, is com-
posed basically of the gas densities calculated with the
appropriate virial coefficients for pressures of approxi-
mately 150.0 PSI and temperatures in the liquid nitrogen
range. Also included in the ratio is a conversion from
density to number of nucleons per cm 2 .
p
ni p




of. ,, and cl. are the theoretical cross sections forMott Mott
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where M is the appropriate rest mass for the proton or deu-
teron.
The magnetic correction terms were derived in the pre-
vious chapter.
K
M (1 + C d )
where C, is given by Equation (2-15) and
(3-7)
(3-8)KP - (1 + t)
*M (1 + C )
where C is given by Equation (2-7).
The radiative corrections are of two types. The Schwinger
correction accounts for the emission and reabsorption of virti

photons in the field of the scattering nucleus, nuclear
bremsstrahlung, as well as the emission of soft photons of
energy less than a specified cutoff energy. The latest and
most accurate version of the Schwinger correction is given
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is the incident electron energy, £3
is the energy
of the'elastic peak (most probable
energy of the scattered
\ tt v +M-E.Mis the rest mass of
electron spectrum), E^ - E ± + 11 «-3 «
the scattering center, AE is the energy
interval between the
energy of the elastic peak and the
lower limit of the scat-
tered electron spectrum, Z is the
atomic number of the scat-
tering center, m is the rest mass of
the electron, * is a
Spence function, a is the fine structure
constant, and ^
=
(E 2 - H 2 )VEV Tsai also gives a
simplier form of the Swinger
correction [9]. This expression will


















The Bethe-Heitler correction accounts
for the ei
of real photons by bremsstrahlung in
the field of atomic
electrons and in the field of nuclei
other than the target
nucleus. Tsai evaluated the Bethe-Heitlor
correction under
the assumption that the scattering
occurs midway through th,
target [10]. This expression will be








" b T.„ + h>1 In C 2 AE Vfw + lbT
(3-13)
Here T. is the entrance window thickness
and T fw is
the
iw




of the above [5]. This expression will later be referred
to as Form II.
T E.
<5 D = — ZT-o ln T7o (3-1^)B xo cos<J>ln2 ae^ 3/
Here T is the target thickness, $ is the angle the target
makes with the Incoming electron, p is the target density,
and Xo is the characteristic radiation length of the target
material. For the gas target tj) Is set to zero and T is cal-
culated geometrically as an effective thickness dependent
upon the target chamber dimensions, scattering angle, spec-
trometer entrance port, etc.
The radiative corrections of both forms were calculated
for the data considered here. A composite radiative correc-
tion, (K^K^/K^kE)
,
for the experimental form factor ratio was
then obtained using the corrections of Form I and another
using the corrections of Form II. Very little significant
difference was found between the two forms when used in cal-
culating the form factor ratio. A summary of these calcula-
tions is found in Table I,
Another correction resulting from ionization loss, or
Landau straggling has been ignored since the effect is nearly
identical for the hydrogen and deuterium targets.
Finally, the correction for variations in incident ener-
gy and momentum transfer between the deuteron and proton
analysis is given by a ratio of proton form factors at the
differing momentum transfers (G 2 (q 2 )/G 2 (q 2 )). Because° ep -p ep w d





















0.0657 O.8565 1.0028 1.0026 0.8589 0.8587
0.0999 0.9122 1.0017 1.0028 0.9137 0.9147
0.1000 0.8507 0.9980 0.9997 0.8490 0.8505
0.1578 0.8266 1.0019 1.0032 0.8281 0.8293
0.1610 0.8619 0.9970 0.9993 0.8593 0.8612
0.1610
.
0.7777 1.0012 1.0029 0.7786 0.7799
0.2001 0.7848 0.9974 0.9995 0.7828 0.7844
O.36I8 0.6384 0.9998 1.0074 O.6383 0.6431
0.3618 0.6581 1,0019 1.0046 0,b5y4 0.66i2
0.3957 0.6270 0.9976 1.0007 O.6256 0.6275
0.4000 0.6490 0. 9889 1.0019 0.6483 0.6502
0.5001 0.5783 0.9950 0.9987 0.5754 0.5776
0.5760 0.5347 1.0003 1.0038 0.5349 0.5368
Table I Comparison of Radiative Correction Calculations
I and II refer to the forms of the radiative corrections
outlined on pages 18-20.
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an absolute value of G can be determined. The total pro-
ep
ton form factor, G 2 , is found utilizing a de Vries b' fit
p
determination [2] and then the magnetic correction, Kjjj,
found in Equation (3-9) > is applied to obtain G 2 .










and therefore, the ratio. G /G , is obtained experimentally5 3 en ep 5 * J
from G ,/G of Equation (3-^0 • As explained above, an ab-
ed ep
solute value of G is available to extract G from the
ep en
ratio.
B. ANALYSIS OF SCATTERING PEAKS
The results of a typical scattering experiment are
shown in Figure 1 which plots the scattered electron spec-
trum (counts per microcoulomb versus energy). The average
background, as determined from data at energies above the
peak energy, is shown as a constant value. To obtain the
total area under the peak a simple 3-point numerical inte-
gration technique was used. The area used in calculating
N is computed by subtracting the background area (average
background multiplied by the integration range) from the
integration result.
Deuteron and proton scattering data was obtained in
two ways . In the first case a target containing both hydro
gen and deuterium gas in known quantities was analyzed. A
22

typical result is shown in Figure 2. A, is obtained ac-
curately as long as the integration range falls short of
the proton peak and the deuteron inelastic tail. Since the
proton peak rides on the deuteron inelastic peak, extracting
A is more involved than outlined above. To remove the deu-
P
teron inelastic peak a second scattering experiment was per-
formed under similar conditions. The results of the second
experiment with pure deuterium which matches the conditions
of the experiment of Figure 2 are shown in Figure 3- The
separate pure deuterium target data was scaled to the mix-
ture data according to the area under the elastic deuteron
peaks. The scaled inelastic peak together with the back-
ground area is subtracted from the proton integration re-
V amicu^s was in oa.
The separation of the proton and deuteron peaks is propor-
tional to the momentum transfer of the measurement. A com-
parison between data at q 2 = 0.1610 and q 2 = O.3618 may be
found in Figures 2 and 4. Notice in the data for q 2 = 0.1610
that the counts between the peaks do not fall to background.
Hence, there is some ambiguity in integrating under the
peaks which remains unresolved even with the subtraction if
the scaled deuteron inelastic peak. For this and other rea-
sons to be mentioned later the measurements which utilized
gas mixtures at low momentum transfers were neglected.
The' second method of measurement involves two separate
experiments under similar conditions. A pure deuterium gas
target is analyzed in one and a pure hydrogen target is anal-
yzed in the other. If the incident energies are adjusted
23

properly in the two measurements, identical momentum trans-
fer can be achieved and the results can be compared with
only minor corrections . The calculations of A and A
,
J p d
follow the same method outlined at the beginning of this
section. In this case, however, there is no interference













Figure 1 Hydrogen Elastic Peak at 0.153^ F
E



































































»-2Figure 3 Deuterium Experiment at O.36I8 F~" with
Elastic and Inelastic Peaks


















Figure 4 Mixture Experiment at 0.1610 F
E^ = 46. 561 KEV










Table II gives a summary of the calculations for the
charge form factor ratio, G 2 ,/G 2 , to four place accuracy.° ed ep
Table III lists the values of the charge form factor
ratio, G ,/G , and gives two least squares fits to thei ed ep 5 to ^
data. The first fit includes all the experimental points.
The second fit excludes the measurements noted as mixtures
at the lowest momentum transfers . Because of the difficul-
ties in determining the peak areas for these experiments,
as mentioned in Section III-B, and due to the fact that
they lower the G ,/G intercept in a least squares fitJ ed ep L *
considerably from its theoretical value of 1, the experi-
mental points at q 2 = Q.0657 F~ and q 2 = 0.1610 ^~
2
are
neglected in the final analysis.
Figure 5 shows the experimental points of Table III
plotted. In addition, the two least squares fits noted in
Table III are shown for comparison.
Table IV gives a summary of the calculations for the
neutron charge form factor, G , with relativistic correc-to
' en 5
tions. The values listed for the deuteron structure factor
are computed utilizing Feshbach-Loman wave functions . The
values of G are calculated utilizing de Vries b 1 fit. A
ep &
least squares fit to a n-e slope, dG /d(q 2 ), was computed
and the results are listed. In addition, a weighted aver-
age of the G values was determined. It should be noted,
en
on the basis of the errors in the least squares fit coi
29

to the errors in the weighted average, that the experi-
mental points are best suited to a constant value fit of
approximately zero.
Figure 6 shows the experimental points of Table IV
plotted. The line which is drawn with the greatest slope
represents the accepted value for the neutron-electron in-
teraction slope.
dG /d(q 2 ) = 0.0193 + or - 0.004.
The line drawn with the smaller slope Is that of the least
squares fit noted in Table IV. The constant value line
shown is that of the weighted average noted in Table IV.
In summary, these experiments in electron-deuteron
scattering have net shown agreement with the results of
previous experiments. These measurements with gas targets
show little or no slope in the n-e interaction curve for
very low mementum transfers. To date no explanation of
these results has been found.
30
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Loast Squares Fits to G^/G b A + B(q2 ) + C(q2 ) 2
1. Utilizing all experimental points:
A = 0.9757 + or - 0.0085
B = - 0.4722 + or - 0.0340
C = 0.0775 + or - 0.0090
2* Utilizing experimental points other than
those noted as mixtures at momentum transfers
less than 0.2 inverse Fermis squared:
A = 0.9976 + or - 0.0110
B = - 0.6088 + or - 0.0504
C s 0.2621 + or - 0.0336






















tt J3 «P P U
J 5 o ©





> © H C












VA C C w
•H •H £
© (S3 W CTj
U •H •H ^
g, •H
rH P























q Fd % Gen **«! G +AGen en + or -
0.0999 0.9398 0.9881 0.0175 0.00055 0.0180 0.0093
0.1000 0.9398 0.9881 -0.0185 0.00055 -0.0180 0.0086
0.1578 0.9081 0.9815 0.0027 0.00087 O.OO36 0.0085
0.2001 O.8867 0.9765 -0.0012 0*00110 -0.0001 0.0092
0.3618 0.8134 0.9584 -0.0136 0.00200 -0.0116 0.0120
O.36I8 0.8134 0.9584 -0.0004 0.00200 0.0016 0.0126
0.3857 0.7986 0.9545 -0.0078 0.00218 -0.0056 0.0080
0.4000 0.7976 0.95^0 0.0104 0.00221 0.0126 0.0093
0.5001 0.7596 0.9^31 0.0005 0.00276 0.0033 0.0083










B = 0.0032 «- or .- 0.0031
Weighted Aver;ige
WA = 0.0019 + or - 0.0006































1 t > r
Figure 5 G + AG versus q
1. N-e interaction slope
2. Least squares fit of experimental points to a si o
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Utilizing a gas target in electron-deuteron and electron-
proton scattering, measurements of the ratio of the deuteron to
proton form factor, G /G , were made within a precision of 0.8
to 1.3 percent for the range of momentum transfers, q 2 , from 0.05
to 0.60 inverse Fermis squared and for scattering angles between
60 and 120 degrees. From G ,/G the neutron to proton form fac-
ed ep
tor ratio, G /G , was extracted utilizing the deuteron structure
' en ep
factor, as calculated from the Feshbach-Loman wave functions, and
relativistic corrections
support previous measurements which agreed with the thermal
neutron-electron interaction slope.
The values of G /G found failed to
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